The two predominant polypeptides of the Bacillus thuringiensis subsp. thompsoni crystal are encoded by the cry4O and cry34 genes. These crystal protein genes are located in an operon. Western analysis (immunoblotting) demonstrated that the operon promoter activity was located in the region upstream of the cry4O gene. The Cry34 protein was expressed only when the upstream promoter region was present. The crystal protein genes are the only cistrons in the operon, and they are expressed during sporulation, with the highest transcript levels detected early in sporulation (1.5 to 3 h after the onset of sporulation). Transcription initiates from two adjacent sites located 84 and 85 bases upstream of the cry4O translational start codon. The B. thuringiensis subsp. thompsoni crystal protein gene operon promoter aligned with other crystal protein gene promoters, which are activated from early to midsporulation and transcribed in vitro by the B. thuringiensis RNA polymerase Ecr3.
The common soil bacterium Bacillus thuringiensis synthesizes insecticidal crystal proteins during sporulation. Over 40 crystal protein genes, which can be grouped into at least four classes, have been characterized with toxicity to several orders of insect larvae (11) . B. thuringiensis crystal proteins are often studied not only because of their agricultural significance but also because they are useful markers in studies of sporulationspecific gene regulation (27) . Mutants of B. thuringiensis blocked early in sporulation do not produce crystals (16) , thus implying that crystal protein gene expression is controlled by mechanisms that regulate other sporulation-specific genes. Therefore, by examining crystal protein gene expression, insight is gained into how sporulation is regulated and how the synthesis of crystal proteins can be optimized for use as biological insecticides.
Studies on sporulation in Bacillus subtilis have demonstrated that the temporal control of sporulation is due in part to the production of sigma subunits, which provide the promoter specificity of the RNA polymerase (reviewed in references 7, 10, 12 to 14, and 17). In B. thuringiensis, crystal protein gene expression has been shown to be regulated primarily at the level of transcription, at least in the early stages of sporulation (27) . As in B. subtilis, alternative RNA polymerase forms (such as Eu35 and Eu28) which transcribe crystal protein genes at different stages of sporulation have been identified (3, 4) . The RNA polymerase containing the sigma factor UJ5 directs transcription from promoters during early to midsporulation (3) , while the second RNA polymerase, with the U28 subunit, recognizes specific promoters from mid-to late sporulation (4) .
To date, most of the characterized crystal protein genes are monocistronic. An exception is cryIL4 from B. thuringiensis subsp. kurstaki. The crylL4 gene is in an operon containing two additional operon reading frames, orfi and orf2 (26) . Examination of the sequences flanking the B. thuringiensis subsp. thompsoni cry40 and cry34 genes suggested that they might be part of an operon (5) . The sequence analysis showed that cry40 was located 64 bases upstream of cry34 and each gene had its own ribosome binding site (15) . No sequences resembling a t Dedicated to the memory of H. R. Whiteley.
promoter or transcriptional terminator were present between the two genes. A structure which could serve as a rhoindependent transcriptional terminator (19) was located after the cry34 gene.
In this paper, I confirm that the B. thuringiensis subsp. thompsoni crystal protein genes cry4O and cry34 are the only open reading frames of an operon. Western analysis (immunoblotting) was used to determine that the promoter activity resided in the region upstream of the cry40 gene and not in the intergenic region. The genes are expressed only during sporulation, with the highest RNA levels detected in the early stages of sporulation. Transcription of the operon initiates from two adjacent sites located 84 and 85 bases upstream of the cry40 translational start codon. The -10 and -35 regions of the presumed promoter contain sequences which resemble the consensus sequence for promoters recognized by the B. thuringiensis RNA Molecular methods and enzymes. The standard molecular methods used have been described previously (20) . E. coli plasmid DNA was isolated by a modified alkaline lysis method (29) . E. coli and B. subtilis transformations were achieved by electroporation (8 Northern analysis. PCR fragments specific to the cry4O and cry34 genes were used as probes (5 mM) at 37°C for 1 h. The reactions were extended further with the addition of 3 mM unlabeled dATP and 1 unit of Klenow fragment and were terminated by incubation at 55°C for 10 min. The resulting double-stranded DNA was cleaved with HindlIl, spermine precipitated, and resuspended in 30 of 80% formamide-10 mM NaOH-1 mM EDTA-0.1% bromophenol blue-0.1% xylene cyanol. The radiolabeled singlestranded DNAs were purified from a vertical 1.5% alkaline agarose gel and used in all SI nuclease mapping reactions or primer extension analysis. For each SI nuclease mapping reaction, 30 ,ug of RNA and 5 x 104 cpm of radiolabeled DNA were used. Hybridization and SI nuclease digestion were performed according to standard methods (20) . For transcriptional start site mapping, the reaction products were digested with 300 U of Sl nuclease. Reaction products were analyzed on 4 or 6% polyacrylamide-8 M urea gels with size standards of either a radiolabeled 1-kb ladder (Bethesda Research Laboratories) or a sequencing ladder which was generated by using the same oligomer primers.
For primer extension analysis, RNA isolated from sporulating B. thuringiensis subsp. thompsoni cells was hybridized to a 32P-end-labeled 18-mer oligomer used as a primer. The oligomer was complementary to the coding strand of pKB105 beginning 39 nucleotides internal to the 5' end of cry34. Extension reactions were performed according to standard methods (20) , and the reaction products were analyzed as described above for the SI nuclease mapping reactions. Nucleotide sequence accession number. The sequence data published in this paper have been assigned GenBank accession number M90843.
RESULTS
Determination of promoter activity. Western analysis was used to determine whether the region upstream of the B. thuringiensis subsp. thompsoni cry4O gene and the 64 bp of DNA between the cry4O and cry34 genes contained promoters. Polyclonal antibodies specific to the Cry4O and Cry34 polypeptides were used to assay the presence or absence of the specific crystal protein. The recombinant strain pKLB31 (Fig. 1) , which carried the cry4O and cry34 genes, expressed both crystal proteins ( Fig. 2A, lane 2) . The mobilities of the polypeptides produced from pKLB31 were identical or very similar to those of the polypeptides present in purified B. thuringiensis subsp. thompsoni crystals (Fig. 2A, lane 1) . Therefore, pKLB31 contained the necessary promoter structure(s) for complete expression of cry4O and cry34.
To determine the location of the promoter activity, recombinant strains pKLB12 and pKLB21 (Fig. 1) were constructed and were assayed for promoter activity by Western analysis. The recombinant strain pKLB12, which carried the region upstream of cry4O ligated to cry34, expressed the Cry34 polypeptide ( Fig. 2A, lane 3) . However, by visual examination, the amount produced in strain pKLB12 appears to be significantly less than that from strain pKLB31. One consideration is that lanes 3 and 4 of the SDS-polyacrylamide gel widened during the transfer to nitrocellulose membrane, thereby decreasing the visual amount of the Cry34 polypeptide. This was observed repeatedly when whole-cell extracts from recombinant strains pKLB12 and pKLB21 were transferred to nitrocellulose. Another possible explanation is that Cry34 is not as stable in the absence of Cry4O.
To determine whether the 64 bp of DNA located between the cry4O and cry34 genes contained any promoter activity, the recombinant strain pKLB21, which carried the cry34 gene and the intergenic region, was examined for expression of Cry34. The Cry34 polypeptide was not produced in this strain ( Fig.  2A, lane 4) . This result indicated that the promoter activity was contained in the region upstream of cry4O and the two genes were part of an operon.
Interestingly, a polypeptide of approximately 30 kDa is observed in strains pKLB12 and pKLB21 ( Fig. 2A, lanes 3 and  4) . The origin of this polypeptide is unknown. Perhaps there is a fortuitous promoter within the cry34 coding region that is utilized in B. subtilis which resulted in the synthesis of a truncated Cry34 polypeptide, since no additional open reading frames which could account for the 30-kDa polypeptide were present on the cloned DNA. 
Downloaded from
The plasmid constructs used in the evaluation of promoter activity were verified by Southern blot analysis. When the EcoRI-digested plasmid pKLB31 was probed with a cry34-specific fragment, hybridization was to the 7-kb linearized plasmid (Fig. 2B, lane 1) . When the EcoRI-digested pKLB12 and pKLB21 were probed with the cry34-specific fragment, hybridization was to a 6-kb fragment which carried the cry34 gene (Fig. 2B, lanes 2 and 3) .
To evaluate the presence of the putative promoter region located upstream of the cry4O gene in the cloned DNA, the same blots were stripped and reprobed with a fragment specific to this upstream region (described in Materials and Methods). The 7-kb EcoRI linearized pKLB31 hybridized to the upstream region probe (Fig. 2C, lane 1) , whereas, in plasmid pKLB12, a 0.2-kb fragment hybridized to the upstream region-specific probe (Fig. 2C, lane 2) . The 0.2-kb fragment corresponded to the cloned PCR-amplified fragment containing the upstream region, since during cloning a downstream flanking EcoRI site which allowed the separation of the upstream region from the linearized plasmid was generated (see Fig. 1 ). However, when pKLB21 was probed with the upstream region-specific probe, no hybridization was observed (Fig. 2C, lane 3) . These results corroborated the Western blot analysis in that Cry34 was produced only when the upstream region was present.
Transcript size and expression analysis. To confirm that the B. thuringiensis subsp. thompsoni cry4O and cry34 genes were part of an operon and to determine when the gene-specific transcripts were expressed, RNAs isolated from vegetativestage through late-sporulation-stage cells were examined by Northern hybridization. Probes specific for cry4O (Fig. 3A , lanes 2 to 6) and cry34 (Fig. 3B , lanes 2 to 6) hybridized with the same major transcript, which was estimated to be 2.2 kb by using the 23S and 16S rRNAs as size standards. A minor RNA species, which most likely resulted from degradation, was detected with both of the probes.
Additionally, the results of the Northern blot analysis indicated that no crystal protein gene operon mRNA was detected during vegetative growth (Fig. 3A and B, lanes 1) . However, the operon transcript was detected beginning at the onset of sporulation in stationary-stage cells and continuing through midsporulation (Fig. 3A and B, lanes 2 to 6) . Increased amounts of the operon transcript were observed at 1.5 and 3 h after the start of sporulation (Fig. 3A and B, lanes 2 and 3) (Fig. 4, lanes 3 to 7) . With increasing concentrations of SI nuclease, the single-stranded probe, ca. 800 nucleotides, disappeared and only the protected fragment was visible (Fig. 4, lanes 2 to 7) . In a tandem experiment, the ca. shown). The only reaction product was the incompletely digested probe faintly detectable at low concentrations of S1 nuclease.
Determination of the transcriptional initiation site. To resolve the precise transcriptional start point for the B. thuringiensis subsp. thompsoni crystal protein gene operon, S1 nuclease mapping was performed on RNA isolated from stationaryphase and sporulating cells (3 and 6 h after the onset of sporulation). The reaction products showed that the operon was transcribed from two apparent start sites (Fig. 5, lanes 7 and 8). The second initiation site, in relation to the promoter region, was the predominant one. However, the weaker start site may actually be an artifact of S1 nuclease digestion. The major start site was positioned 84 bases upstream of the cry4O translational start codon (Fig. 6) . Primer extension analysis (as described in Materials and Methods) was used to determine whether a transcriptional start site was present in the intergenic region, but no transcriptional start site was observed (data not shown).
B. thuringiensis crystal protein gene promoter comparisons. The sequences upstream of the B. thuringiensis subsp. thompsoni crystal protein gene operon transcriptional initiation sites were searched for promoter sequences reported for other B. thuringiensis crystal protein genes (2, (24) (25) (26) (27) (28) and B. subtilis sporulation-specific genes (17) . Sequences which resembled the -10 and -35 regions of other B. thuringiensis crystal protein gene promoters were found. Sequences in the -10 region of the B. thuringiensis subsp. thompsoni crystal protein gene operon promoter aligned exactly with four other crystal protein gene promoters (Fig. 7) , of which three are known to be transcribed in vitro by the B. thuringiensis RNA polymerase Eu35 (3) . However, the -35 region of the B. thuringiensis subsp. thompsoni promoter did not match the consensus sequence for the Eu35 RNA polymerase but it aligned with the other four promoters for three of the five bases involved in the consensus sequence (Fig. 7) . A fifth promoter, cryIVA, also aligned with only three of the five bases in the -35 consensus sequence.
DISCUSSION
The results in this paper confirm that the B. thuringiensis subsp. thompsoni cry4O and cry34 genes are located in an operon. These two genes are the only open reading frames contained in the operon. The crystal protein genes are expressed in a sporulation-dependent manner, with the highest mRNA levels detected during early to midsporulation.
The genes encoding Cry4O and Cry34 of B. thuringiensis subsp. thompsoni are located together in an operon, whereas almost all other crystal protein genes are monocistronic. Furthermore, the polypeptides encoded by the genes are present in stoichiometric amounts in the crystal (5) . Therefore, expression of the genes must be regulated so that the crystal proteins are synthesized in equivalent amounts. Perhaps the genes have evolved to be in a single operon so that their coordinate expression can be ensured. Maybe the polypeptides must be present in equal amounts for crystal formation or Cry4O has a regulatory role in the stabilization of Cry34.
Expression of Cry34 alone in B. subtilis was possible although the level did appear to be reduced (see Fig. 2A ). Perhaps the Cry4O polypeptide plays a role as a chaperonin, as in the case of B. thuringiensis subsp. kurstaki Orf2 stabilization of CryIIA (6). However, Orf2 has an unusual structure of a 15-aminoacid motif that is repeated 11 times in tandem, which comprises two-thirds of the residues (26 In Northern blot analysis, both the cry4O-and cry34-specific probes hybridized to the same major mRNA transcript of 2.2 kb. Examination of the hybridization signals indicated that the crystal protein gene mRNA levels increased at 1.5 to 3 h after the onset of sporulation. There are several possible explanations for the rise in the mRNA levels. Perhaps a second RNA polymerase begins transcription of the operon during this stage. However, no additional start sites as a result of overlapping promoters, e.g., cryLA(a) (27) , were observed by SI analysis. An alternative explanation for the increased operonspecific mRNA is that regulation of the crystal protein gene operon expression mirrors, but lags slightly behind, the expression pattern of the RNA polymerase that transcribes it. That is, during sporulation, while a specific sigma subunit is expressed and associated with the RNA polymerase, this particular RNA polymerase form is available to initiate transcription of the crystal protein gene operon. As sporulation progresses, a decrease in synthesis of the sigma factor is followed by reduced expression of the crystal protein gene operon. Finally, a possible explanation for the increased mRNA levels is that a trans-activator factor is synthesized during sporulation at this time. The trans-activator could possibly bind to sequences in the promoter region and facilitate the recognition and utilization of the promoter by the RNA polymerase. Inspection of the B. thuringiensis subsp. thompsoni crystal protein gene promoter region showed an AT-rich stretch 45 bases upstream of the transcriptional initiation site (Fig. 6 ). Similar sequences found in the same location, relative to the promoter region, are present upstream of the crylA (a) promoter (27) . Furthermore, a similar AT-rich region present upstream of the B. subtilis sporulation gene spoVG has been shown to be indispensable for its expression (18) . Perhaps the upstream B. thuringiensis AT-rich region contains the sequences that a trans-activator recognizes.
The presumed -10 and -35 regions of the promoter for the B. thuringiensis subsp. thompsoni crystal protein gene operon contain sequences which resemble the consensus sequence reported for the B. thuringiensis RNA polymerase Eu"3 (3) . A stretch of eight bases in the -10 region, which includes the consensus sequences, aligns exactly with the sequences of the cryIL4 operon -1O promoter region (26 
